Photosynthetic carbon uptake of the tropical seagrass Thalassia hemprichil (Ehrenb.) Aschers was studied by several methods. Photosynthesis in buffered seawater in media in the range of pH 6 to pH 9 showed an exponentially increasing rate with decreasing pH, thus indicating that free CO2 was a photosynthetic substrate. However, these experiments were unable to determine whether photosynthesis at alkaline pH also contained some component due to HC03-uptake. This aspect was further investigated by studying photosynthetic rates in a number of media of varying pH (7.8-8.61) and total inorganic carbon (0.75-13.17 millimolar). In these media, photosynthetic rate was correlated with free CO2 concentration and was independent of the HC03-concentration in the medium. 
contained some component due to HC03-uptake. This aspect was further investigated by studying photosynthetic rates in a number of media of varying pH (7.8-8.61 ) and total inorganic carbon (0.75-13.17 millimolar). In these media, photosynthetic rate was correlated with free CO2 concentration and was independent of the HC03-concentration in the medium.
Short time-course experiments were conducted during equilibration of free CO2 and HC03-after injectfon of "C labeled solution at acid or alkaline pH. High initial photosynthetic rates were observed when acidic solutions (largely free C02) were used but not with alkaline solutions. The concentration of free CO2 was found to be a limiting factor for photosynthesis in this plant.
Unlike terrestrial plants, submerged plants are surrounded by a medium in which inorganic carbon is present in three available forms: free CO2, HCO3-, and CO3-2. Free CO2 and HCO3-have both been suggested as possible sources of inorganic carbon for photosynthesis in submerged plants. In seawater (pH 8.2) where approximately 89% ofthe inorganic carbon is present as HCO3r, the ionic form has been suggested as the most likely source of photosynthetic carbon (6, 27) .
High 6'3C values of marine plants were initially attributed to HCO3-utilization (21) . This interpretation was reinforced by the discoveries that terrestrial plants with the C4 pathway of photosynthesis also have high 6'3C values (24) and that HCO3-is the substrate for PEP2 carboxylase, the primary carboxylating enzyme of the C4 pathway (11) . The presence of high 6'3C values in seagrasses (18) , therefore, suggested the operation of the C4 pathway and concomitant direct uptake of HCO3 from seawater.
Preliminary work by Benedict and Scott (6) indicating the formation of C4 acids as early products of carbon fixation in seagrasses supported the proposal that the C4 pathway was operable in seagrasses. However, results reported by Andrews and Abel (2) , Abel (1), Benedict et al. (7) , and Beer et al. (4, 5) showed that most seagrasses produce PGA as the first product of ' (15) . Low cytoplasmic pH would also release free CO2 from previously absorbed bicarbonate (22) . Such mechanisms could allow bicarbonate uptake to occur in conjunction with a C3 fixation mechanism.
The classical evidence for photosynthetic bicarbonate uptake in the freshwater angiosperm Myriophyllum, was obtained from experiments conducted over a wide range of carbon concentrations at a low pH, where most of the inorganic carbon was present as C02, and at high pH where most of the carbon was present as HCO3 (25) (1) . Segments 4 to 5 cm long of the youngest mature T. hemprichii leaves were used in experiments. Some proportion of the photosynthetic activity measured in these tissues could have been due to microscopic bacteria or algae adhering to the leaf blade.
However, since the leaves used were young, the mass of photosynthetic tissue in such epiphytes was so small compared to that of the seagrass leaf that their contribution to the total photosynthesis of the leaf-epiphyte system could have been significant only if the photosynthetic rate of the epiphytes were several orders of magnitude greater than that of the leaf itself. Throughout this study, it is assumed, therefore, that the epiphytic contribution to the observed photosynthetic rates was not significant.
Incubation Media. Experiments were conducted in Bicinebuffered seawater of known pH and total carbon concentration prepared as previously described (1, 2 (Fig. 3) . Figure 4 shows and 130 w-m-2.
Free CO2 concentration ( mM ) X The method developed here for investigating photosynthesis in a series of media of different pH and total carbon concentration has the potential to show uptake of either free CO2 or HCO3-, or both. Results shown here indicate CO2 uptake where the data fall on a single curve when plotted against free CO2 and on pH-dependent curves when plotted against HCO3: concentration. The pH-dependent curves show higher photosynthetic rate at lower pH for similar HCO3 concentration. If HCO3 were the only substrate, similar experiments would be expected to show a single curve of photosynthetic rate versus HCO3 concentration. The photosynthesis versus C02 curves would then be expected to be pH dependent, with higher photosynthesis at higher pH. If, however, both species were utilized to a significant degree, then pH-dependent curves would be expected for both photosynthesis versus HCO3 and photosynthesis versus CO2 plots. Also, the photosynthesis versus CO2 plots would not pass through the origin as they do in Figure 2B .
The results of the present study indicate that photosynthesis in T. hemprichii is largely dependent on the free CO2 concentration and the contribution of HCO3 , if any, is small, even at high pH. These conclusions support those of Benedict et al. (7) but are based on more extensive evidence than has previously been obtained for seagases.
The formation of acid and alkaline regions in media adjacent to photosynthesizing tissue has long been considered to be the result of HCO3 uptake in association with ion transport. In a series of papers (reviewed in 17) Lucas and co-workers have published evidence for the formation of acid and alkaline bands along the internodal cells of the green alga, Chara. Lucas and his co-workers propose that the alkaline bands are caused by OH- efflux and that the acid bands are the result of HCO3 uptake. They suggest that the HCO3 uptake requires sulphydral linkages and the presence of calcium ions, although there is sufficient Cai within the tissue to maintain apparent HCO3 uptake for several hours.
It could be argued that if a similar mechanism existed in seagasses, the Bicine used in experimental media in this study may remove the possibility of HCO3-uptake by complexing with the calcium in the seawater. However, similar photosynthetic rates were obtained both in the presence and absence of Bicine under standard conditions (K. M. Abel, unpublished data). Photosynthetic rates obtained in this study are also comparable to those obtained by other workers using a number of seagrasses in seawater without added buffering agents or in media buffered by non-calcium chelating agents (4) (5) (6) (7) 12) . Moreover, leaf tissue was exposed to the buffered medium for a maximum of90 min during pre-equilibration and experiments in this study, whereas the bicarbonate uptake mechanism in Chara remained unaffected after several hours in a solution containing the strong calcium complexing agent, EDTA (16) . It is unlikely that calcium would be entirely removed from T. hemprichii leaf tissue during a 90-min exposure to Bicine.
There are some differences between the results of Cooper et al. (1 1) and those obtained here with whole leaftissue. The rates of 14C fixation as estimated from the tangent to the two carbon uptake curves (passing through the 1 min value) in Figure 3 There are many suggestions in the literature that carbonic anhydrase involved in aquatic plant photosynthesis as a means of effectively increasing the inorganic carbon supply. Raven (22) proposed that carbonic anhydrase may be excreted by aquatic plants to the external medium thereby increasing the concentration of whichever carbon species was absorbed. So far, attempts to detect external carbonic anhydrase have failed (19) .
Carbonic anhydrase has been detected, usually in small amounts, within aquatic plant cells (5, 13, 14 (13) . It has even been suggested that HCO3 concentrating mechanisms exist in some algae (23) and cyanobacteria (19) . It would appear that marine angiosperms, in their reliance on free CO2 as a carbon source, resemble their presumed terrestrial ancestors, rather than these algae in this aspect of their physiology.
The estimates of K (Fig. 4) are at least an order of magnitude greater than the concentration of free CO2 in seawater, clearly indicating that the supply of carbon is a limiting factor in fold the concentration of CO2 in seawater and there is no apparent inhibition ofphotosynthesis at high CO2 concentrations as was observed in the freshwater plant Elodea (29). There are limitations to the supply of CO2 to a submerged leaf because of the slow diffusion of CO2 through the relatively thick liquid boundary layer. This supply may be augmented to some extent by the reservoir of respired CO2 contained within gas lacunae. These physical and anatomical conditions effectively create a somewhat leaky 'closed system.' Restriction of the external carbon supply has the effect of elevating the measured 613C values of plant tissue (8) . Andrews and Abel (2) and Benedict et al. (7) have previously suggested that this situation might apply to seagrasses. However, the suggestion was made in the absence of clear evidence for the species of inorganic carbon utilized by seagrasses. There, consequently, was some doubt concerning the possible contribution of HC03-to the observed 6'3C values of seagrasses. Evidence obtained here supports the proposal that high 6'3C values of seagrasses are the result ofphysical constraints on the supply of free CO2 for photosynthesis.
